Larvae of the diamondback moth, Plutella xylostella L. (Lepidoptera: Plutellidae), a crucifer specialist, refuse to feed on the wintercress, Barbarea vulgaris R. Br. (Brassicaceae). The mechanism of this unacceptability to P. xylostella was evaluated by a series of no-choice bioassays using leaf disks. Topical application of sinigrin enhanced feeding of the larvae on the leaf disks of a non-host plant, lettuce (Lactuca sativa L.), but not on those of B. vulgaris. Application of the crude methanolic extract from B. vulgaris leaves deterred P. xylostella feeding on the leaf disks of cabbage (Brassica oleracea L.) in a dose-dependent manner. This feeding deterrent activity was transferred predominantly to the chloroform fraction, but not to the n-hexane or water fractions. These results suggest that the unacceptability of B. vulgaris to P. xylostella larvae is mainly due to chemical constituent(s) extractable with chloroform.
INTRODUCTION
The diamondback moth, Plutella xylostella L. (Lepidoptera: Plutellidae), infests many cruciferous crops and also utilizes many wild crucifers as alternative hosts, especially when the crops are not planted (Talekar and Shelton, 1993) . This intimate relationship between crucifers and P. xylostella is known to be mainly mediated by glucosinolates and their breakdown products, isothiocyanates. Glucosinolates act as key stimulants for oviposition to adults (Gupta and Thorsteinson, 1960b; Reed et al., 1989) , and as feeding stimulants to larvae (Thorsteinson, 1953) . In addition, allyl isothiocyanate stimulates egg production in adults (Hillyer and Thorsteinson, 1969) and inhibits dispersal of larvae from host plants (Gupta and Thorsteinson, 1960a) .
However, not all crucifers are suitable hosts for P. xylostella: the wintercress, Barbarea vulgaris R. Br. (Brassicaceae), is a rare exception. We have observed that B. vulgaris, which has recently been naturalized in Japan, is rarely infested even under the high-density population conditions found in the field (Serizawa, unpubl.) . P. xylostella adults preferably lay eggs on B. vulgaris, but hatched larvae do not develop to the second stadium on this plant, suggesting the presence of some feeding deterrents and/or toxins in this plant (Idris and Grafius, 1996) . This supposition, however, has not been experimentally supported to date.
We report here the findings of a series of nochoice bioassays using leaf disks, that a feeding deterrent(s) in B. vulgaris leaves, which is extractable with chloroform, is responsible for this unacceptability.
MATERIALS AND METHODS

Insects and plants.
The diamondback moth, Plutella xylostella L., an insecticide-susceptible strain, was maintained on radish seedlings under conditions of 25°C and 12L : 12D by the method of Yamada and Koshihara (1978) . Seeds of Barbarea vulgaris var. variegata were purchased from Chiltern Seeds, England, and were also collected from naturalized plants in fields in Gunma, Japan. Seeds of the cabbage plant, Brassica oleracea L. cv. YRSE, and the lettuce plant, Lactuca sativa L. cv. Shinano-Summer were obtained from Nagano Vegetable and Ornamental Crops Experiment Station. All plants were grown in a greenhouse or in the field without any application of insecticides.
General procedure of no-choice leaf disk test. Feeding response of P. xylostella larvae to either treated or untreated leaf disks was examined by a no-choice bioassay. Leaf disks (19 mm diam.) cut out from test leaves with a cork borer were placed individually on the center of moist filter paper set in a plastic container (60 mm diameterϫ30 mm height). Three 3rd stadium larvae were gently transferred onto the center of the leaf disk with a fine brush. Containers were closed with a lid and kept at 25°C, 12L : 12D. After 24 h incubation, the leaf disks were photographed with a digital camera and the area consumed was measured using imaging analysis software (NIH image).
Bioassay for sinigrin-treated leaves. An aqueous solution of 2% sinigrin (Sigma) was topically applied to both sides of the leaf disks (25 ml on each side) of B. vulgaris and lettuce. Control disks were treated in the same manner with water alone. After the solvent was evaporated, the leaf disks were used for the no-choice bioassay as described above. Each test was performed in 10 replicates.
Preparation of plant extracts and bioassay with the extracts. A schematic of the extraction procedure of the B. vulgaris and cabbage leaves is shown in Fig. 1 . Fresh leaves (100 g) of B. vulgaris (Chiltern Seeds) or cabbage (YRSE) were homogenized in 500 ml of methanol and filtered. The residue was further extracted twice with 500 ml methanol. All the methanolic extracts (A) were combined and concentrated in vacuo at 40°C. A part of the methanolic extract was evaporated to dryness in vacuo, redissolved in 80% methanol and partitioned with n-hexane, providing an n-hexane fraction (B) and an 80% methanolic (post-nhexane) fraction (C). After evaporation of methanol in vacuo, the residual aqueous solution of the 80% methanolic fraction was partitioned with chloroform, providing a chloroform fraction (D) and a water fraction (post-chloroform) (E). The extract and all the fractions were evaporated to dryness in vacuo, then redissolved or dispersed by sonication in methanol (A), n-hexane (B), 80% methanol (C), methanol (D) and 50% methanol (E), at concentrations of 4, 2, 1 and 0.5 g fwe (ϭfresh weight equivalent)/ml. These plant extracts were topically applied to both sides (25 ml on each side) of cabbage leaf disks. Control disks were treated in the same manner with the solvent corresponding to the test extract. After the solvent was evaporated, the leaf disks were used for the nochoice bioassay as described above. Each sample was tested in 5 replicates.
Statistical analysis. Statistical analysis was performed either by an independent t-test (2-way), or by the Tukey HSD test for multiple comparison, using commercial software (Statistica, StatSoft).
RESULTS
Feeding response of P. xylostella to B. vulgaris and cabbage leaf disks
The feeding response of P. xylostella to the leaf disks of B. vulgaris and cabbage, B. oleracea, was examined by a no-choice bioassay (Fig. 2) . At the end of the test, all larvae exposed to B. vulgaris leaf disks as well as cabbage leaf disks were alive and walked normally, indicating that B. vulgaris has no or only weak acute toxicity. On average, 64.2% (100%ϭ283 mm 2 ) of cabbage leaf disks were consumed, while only 7.3-2.4% (pϽ0.001) of B. vulgaris leaf disks were consumed. No significant differences were found between the strains and the growing conditions of B. vulgaris tested. Because the Chiltern Seeds showed slightly higher, although not statistically different, resistance than the Gunma strain, we used the Chiltern Seeds for further experiments irrespective of the growing conditions. 466 H. Serizawa et al. 
Effect of sinigrin-treatment on feeding by P. xylostella
The application of sinigrin, a strong feeding stimulant for P. xylostella (Gupta and Thorsteinson, 1960a) , significantly enhanced feeding on a nonhost plant, lettuce (pϽ0.01), but not on B. vulgaris (Fig. 3) . This result suggests that the unacceptability of B. vulgaris is not due to the lack of feeding stimulants, but to the presence of feeding deterrents.
Effect of B. vulgaris extracts on feeding by P. xylostella
To confirm the presence of feeding deterrents in B. vulgaris to P. xylostella larvae, we have examined the effects of the crude methanolic extract of B. vulgaris leaves and its sub-fractions on feeding by the larvae (Fig. 4) . The effect of cabbage extract, which was chosen as a representative of suitable hosts, was also examined for comparison.
As shown in Fig. 4A , topical application of the B. vulgaris methanolic extract decreased feeding of the larvae on cabbage leaf disks in a dose-dependent manner. The mean consumption of the disks treated with 50-200 mg fwe/disk was significantly smaller (pϽ0.001) than that of the control, which was treated with the solvent alone. Remarkably, consumption of the disks treated with 200 and 100 mg fwe/disk was only ϳ1% and ϳ5%, respectively, of the control. Although, the application of cabbage methanolic extract also deterred feeding significantly (pϽ0.05) at 25 and 50 mg fwe/disk, the effect was weak (ϳ60% of the control) and not dose-dependent.
The n-hexane fractions of the crude methanolic extracts of B. vulgaris as well as cabbage produced no significant decline in consumption (Fig. 4B) . The high deviation and the low consumption (nhexane fraction control, 48 mm 2 ; other controls, 145-181 mm 2 ) throughout the experiment with nhexane fractions were probably due to desiccation of the leaf disks caused by removal of the leaf surface wax by n-hexane. In contrast, the application of the 80% methanolic fraction of B. vulgaris decreased the consumption dose-dependently in a manner similar to that of the crude methanolic extract (Fig. 4C) . The application of the 80% methanol fraction of cabbage also decreased the consumption, but the effect was low (ϳ60% of the control) and was not statistically significant, except at 25 mg fwe/leaf disk.
When the 80% methanolic extract of B. vulgaris was partitioned into chloroform and water fractions, the chloroform fraction decreased the consumption dose-dependently, again in a similar manner to the initial methanolic extract (Fig. 4D) , while the water fraction of B. vulgaris showed no significant effect at any dose tested (Fig. 4E) . The chloroform fraction and the water fraction of cabbage showed no significant effect at any dose tested (Fig. 4D, E) (Gunma) , and B. oleracea were exposed to three 3rd stadium larvae for 24 h. Plants with an asterisk were grown in the greenhouse and others were grown in the field. Bars indicate meansϮSE. Means with different letters are significantly different (pϽ0.001) according to the Tukey HSD test. Fig. 3 . Effects of sinigrin treatment on the feeding of P. xylostella larvae. Leaf disks of B. vulgaris and L. sativa were treated with either 2% sinigrin solution or water (control) and exposed to three 3rd stadium larvae for 24 h. Bars indicate meansϮSE (nϭ10). leaves contain a specific feeding deterrent(s), which is predominantly extractable with chloroform.
DISCUSSION
We have shown here two lines of evidence that the leaves of B. vulgaris contain potent feeding deterrents against P. xylostella larvae: 1) the sinigrin treatment on the B. vulgaris leaf disks did not improve its acceptability, and 2) treatment with the methanolic extract of B. vulgaris leaves deterred feeding on the cabbage leaf disks. Furthermore, the feeding deterrent activity of the chloroform fraction, after removal of the n-hexane and water extractable constituents, was similar to that of the crude methanolic extract. Because the average weight of the cabbage leaf disk is about 100 mg, the effective concentrations (50-200 mg fwe/leaf disk) of the chloroform extracts on the disks were comparable to those in the fresh leaves. Therefore, we conclude that the chemical constituent(s) in the chloroform extract is the major factor for the resistance of B. vulgaris to feeding by P. xylostella larvae.
B. vulgaris leaves contain atypical glucosino-468 H. Serizawa et al. Fig. 4. Effects of B. vulgaris and B. oleracea extracts on the feeding of P. xylostella larvae. Methanolic (A), n-hexane (B), 80% methanolic (post-n-hexane) (C), chloroform (D), and water (post-chloroform) (E) extracts of fresh leaves of B. vulgaris and B. oleracea were applied to B. oleracea leaf disks and exposed to three 3rd stadium larvae for 24 h. Data indicate meansϮSE (nϭ5). Means significantly different from the control by a Student t-test are indicated as follows: * pϽ0.05; ** pϽ0.01; *** pϽ0.001. lates, (2R)-and (2S)-glucobarbarin, as major glucosinolates (Huang et al., 1994) . Although many glucosinolates act in general as feeding stimulants to P. xylostella larvae, higher concentrations of particular glucosinolates, such as gluconasturtiin and gluconapin, are reported to be toxic to the larvae (Nayar and Thorsteinson, 1963) . However, because glucosinolates should predominantly be present in the water fraction, the feeding deterrents found in the chloroform fraction are not likely to be the glucosinolates present in B. vulgaris.
Only a few feeding deterrents to crucifer specialists have been identified so far from the unacceptible crucifers: cucurbitacin E and cucurbitacin I in Iberis amara which deters the flea beetle, Phyllotreta nemorum (Nielsen et al., 1977) , 2-O-b-Dglucopyranosyl cucurbitacin E in Iberis amara which deters the cabbage butterfly, Pieris rapae (Sachdev-Gupta et al., 1993a) , and cardenolides in Erysimum cheiranthoides which deter P. rapae (Sachdev-Gupta et al., 1993b) . However, these substances are not likely to be feeding deterrent(s) in B. vulgaris leaves for the following reasons. 1) The presence of cucurbitacins and cardenolides in the family Brassicaceae seems to be restricted to Iberis species and Erysimum or Cheiranthoides species, respectively, and have not been reported in Barbarea species; 2) P. xylostella larvae can develop normally on E. cheiranthoides and tolerate the relatively high levels of cardenolides through rapid secretion (Renwick et al., 1991) ; 3) P. rapae, which is sensitive to cucurbitacins and cardenolides, can utilize B. vulgaris as a common host (Huang et al., 1994) .
It is also suggested that B. vulgaris contains specific feeding deterrents or toxins to the flea beetle, P. nemorum, although the compounds have not yet been identified (Nielsen, 1996 (Nielsen, , 1997a . The feeding of P. nemorum is also prevented by the cardenolides and cucurbitacins in Erysimum and Iberis (Nielsen, 1978) . Interestingly, a race of P. nemorum which can utilize B. vulgaris, however, does not accept Erysimum and Iberis (Nielsen, 1999) , also suggesting the presence of unknown feeding deterrents or toxins in B. vulgaris. It will be of interest to see whether the feeding deterrents against P. xylostella and P. nemorum are identical. P. xylostella is a serious worldwide pest of crucifers, and is difficult to control, primarily because of the rapid development of resistance to a wide spectrum of insecticides including Bacillus thuringiensis (Talekar and Shelton, 1993) . The development of novel protection methods, alternative to conventional insecticides, is thus in high demand. The feeding deterrent in B. vulgaris might be used directly as a repellent to protect susceptible cruciferous crops. Alternatively, resistant cruciferous crops could be developed by introduction of the feeding deterrent using various breeding techniques, e.g., traditional crossing, somatic hybridization, or genetic engineering. Because B. vulgaris belongs to the family Brassicaceae, it may be relatively easy to introduce this character into cruciferous crops. Indeed, intertribal somatic hybrids between B. vulgaris and Brassica napus have already been generated (Fahleson et al., 1994) .
The isolation and identification of this compound is now in progress and will be published elsewhere.
